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Nonadditivity in nuclear moments of inertia and interference between blocking effects
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The experimentally observed obvious nonadditivity in the nuclear moment of inertia and angular momentum
alignment of multiquasiparticle rotational bands, both in normally deformed and superdeformed nuclei, pre-
sents a serious challenge to the traditional BCS treatment for nuclear pairing. It is shown that the systematically
observed nonadditivity mainly comes from the destructive interference between blocking effects, and can be
satisfactorily accounted for by the particle-number conserving method, in which the blocking effects are treated
consistently and exactly.
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Since the suggestion of nuclear superconductivity by Another serious problem is that the BCS picture leads to
Bohr and co-worker§l,2], the nuclear pairing correlation is additivity in some physical quantitiggp energy, MOI, etg.
usually treated using the BCS methi@-5] and the concept However, it has been established experimentally that the ad-
of the quasiparticlégp) turned out to be very convenient and ditivity in nuclear MOI and angular momentum alignment
useful. There is no doubt that the BCS theory had achieved(w), in general, fails for ND nuclei and superdeformed
great success in the description of the superconductivity ofSD) bands in theA~ 190 region8,17—-2Q. In Ref.[19], the
metals. However, when it is applied to treat nuclear pairingexperimental alignments of the odd-odd SD bands%T|
correlation, along with its benefit, it brings some defectsand the neighboring odd-proton band #*TI and odd-
which should be considered serioug§—11]. There have neutron band in***Hg are compared and an obvious nonad-
been some serious challenges presented to the BCS descriitivity in i(w) is found, which is attributed to the residual
tion for nuclear structure. gp interaction. In the PNC treatment there is no particle-

One defect of the BCS approximation is the particle-quasiparticle transformation, thus no residual gp interaction.
number nonconservation. Because the number of nucleons iWe will show that, while the alignmen{w) itself is attrib-

a nucleus € 10%), particularly the number of valence nucle- uted to the Pauli blocking effects, the nonadditivityi {fw)

ons (~10) which dominate the properties of low-lying ex- comes from the destructive interference between Pauli block-
cited states, is very limited, some conclusions drawn froming effects. In Ref.[18] the Pauli blocking effects and a
the BCS approximation turned out to be incorrect. A famouswumber of related questions are discussed in detail; e.g., why
example is that in all self-consistent solutions to the crankedhe behavior of)®) of SD bands in theA~190 region is so
Hartree-Fock-Bogliubov equation, a pairing collapse issimilar at higher frequency, but at low frequency there exists
found [12], but calculation with particle-number projection a large difference. In the PNC treatment it has been shown
before variation showed that the gap parameter decreasésat at low frequency the Pauli blocking effect on pairing is
very slowly with rotational frequency and no sharp phasecrucial to account for various odd-even differences and their
transition is found 13]. Another problem related to particle- large fluctuation, but with increasing, while the Coriolis
number nonconservation is that there exists an extensive spantipairing effect becomes more and more important, the
rious state in the BCS approximati¢8]. blocking effects on pairing gradually weaken, thus the odd-

The most serious defect of the BCS treatment is that it ieven difference gradually disappears.
unable to treat the blocking effect consistently. According to In Refs.[18,19 and in earlier related papers, the experi-
the BCS theory of pairing, the moment of iner(lOIl) of a  mental and theoreticali(u)+i(v)—i(uv)] were com-
1-gp band in an odd- nucleus should be larger than those of pared. In this paper, the ratiosidfu) +i(v) toi(uv), rather
gp-vacuum bands in neighboring even-even nuclei by a facthan their differences, are investigated. Assume the kine-
tor of about 15%, and for a 2-qp band a 30% increase isnatic MOI of rotational bands based on the gp vacuum state
expected[2,14]. However, experiments show that a lot of |O>> 1-gp statesa,|0)) and «,|0)), and 2-gp state
1-gp bands at low spin in normaly deformédD) rare-earth a+|0>> are denoted byly, J(w), I(v), andI(uv), r

nuclei have moments of inertia nearly identical to that of thespectwely, it can be shown that in the BCS apprOX|mat|on
gp-vacuum band in neighboring even-even nuclei. To dateg),

this remains an open problefh5] and it seems hopeless to

be explained in the BCS formalism. Experiments also show [I(w)— ol +[I(v)—Ip]

that there exists a large fluctuation of the odd-even difference R(u,v)= I(uv)—Jg - @

in MOI 8J/J [2,16]; i.e., while for some ND bands in the

rare-earth nuclei$J/J~0 (the so-called identical bands or equivalently, the angular momentum alignments of gp
8J/1J may be quite large for some ND bands, e.8J/J bands relative to the gp vacuum bandu)=w[J(w)
~130% for 1>Dy([642]5/2) and*Dy(g.s.b.). —Jo], are additive. Similar relations hold for multi-qp
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FIG. 1. The comparison between experimental and calcuRtedios[see Eq(1)] for three 2-gp bands, a 4-gp band both'{AHf and
174 Ht, and two 3-gp bands ift"Hf. (a) YHf (K™=6"), (b) YHf (K™=6"), (c) Y2Hf (K™=8"7), (d) 2Hf (K™=14"), (&) "Hf
(K™=19/2%), () Y™Hf (K™=6"), (g) Y Hf (K™=6"), (h) Y Hf (K™=8"), (i) Hf (K™=14"%), and(j) "*Hf (K™=23/2"). The
experimental and calculatdlare plotted by solid circles and lines, respectively. The corresponding@@tos are equal to 1 and denoted
by dot lines.

bands. However, all the available experimental data othree low-lying excited 2-gp bands and one 4-gp band both
multi-qp bands both in ND and SD nuclei show tag,, in 72Hf [25] and "™Hf [26], K"=6(»*[633]7/2
obviously deviates from 1. In this paper we will show that ®[512]5/2), 6" (w?[404]7/22[402]5/2), 8 (7*[404]7/2
the systematically observed nonadditivity both in ND andg[514]9/2), 14" (%[ 404]7/22[ 514]9/22 v?[ 633]7/2
SD nuclei can be satisfactorily accounted for in the PNCg ,[512]5/2) and two 3-gp bands in'"Hf, K7=19/
treatment of the cranked shell model. 2" (w?[ 40417120 [ 402]5/20 1[633]7/2), 23/2 (w*[404]7/2

The cranked shell model Hamiltonian with pairing inter- ®[514]9/2% v[633]7/2). The 2Hf(g.s.b.) is taken as the

action Is gp vacuum (referencg band. The 1-gp bands are
Hosy=Hsp— ©J+ Hp=Ho+Hp, @  H([633]7/2), THI(»[5125/2), ‘jiLu(m[404]7/2),

17 u(w[402)5/2) and YLu(w[514]9/2) [27,28. In our
where Hy=Hgp— wJy,=Zhg(w);, ho(®w)=hyiisson— @jx calculation for these ND bands, the deformation and Nilsson
is the one-body part dfl csy, NniissoniS the Nilsson Hamil-  parameters £,u) are taken from the Lund systematics
tonian, —wJ, the the Coriolis interaction, anttip is the  [29,30 and the pairing strength is determined by the experi-
pairing interaction including both the monopole and quadrumental odd-even differences in binding energies and band-
pole pairing interactions. In the PNC calculation, firg(w) head moments of inertia as in RE24]. In Fig. 1, a signifi-
is diagonalized to obtain cranked Nilsson orbitals. Thengcant deviation of the experimentlratios from 1 is found in
Hcsw is diagonalized in a sufficiently large cranked many-the observed frequency rangk«¢<0.25 MeV). In general,
particle configuration space to obtain accurate solutions tethe deviation of theR ratio from 1 may also come from a
the yrast and low-lying eigenstates. For the details of thgossible deformation difference between the gp vacuum and
PNC method, see Reff21-24]. various multi-gp states. However, for the most stable ND

The calculated results for some typical multi-gp bands byrare-earth nuclei, such ag’?17317Hf the deformation
the PNC method are given in Figs. 1-3. In Fig. 1 are showrthange may be of minor importance and the significant non-
additivity mainly comes from the destructive interference be-
3r ' y T ' ; y tween Pauli blocking effects. It is seen that the experimental
(a) (b) R ratios are satisfactorily reproduced by the PNC calculation
with no free parameters.
) One might expect that additivity should hold better for SD
I cte0tes, T | bands because of their larger and more stable deformation
c |ov**tt > ';M and weaker effective pairing interactiqa9]. In Fig. 2 is
shown the analysis for the 2-gp signature partner SD bands,
19449(2) (@=0) and *®**Hg(3) («=1) [31]. The ¥®Hg(1)
[32] is taken as the reference and the 1-gp bands are
, , , | , , , 19%g(2a) (a=+1/2, v[512]5/2), ¥Hg(2b) (a=+1/2,
0.1 02 03 0.1 02 03 04 1[624]9/2), and1*Hg(3) (a=—1/2, v[624]9/2) [33]. In
ho(MeV) the calculation, the Nilsson parameters, (u) are taken
from the Lund Systematid®9] and the deformation param-
FIG. 2. The same as Fig. 1, but for the 2-qp SD balfdg(2,  eters are taken from R€f30]. Because the spins df*Hg(3)
3). (@ ¥Hg(2), (b) **Hg(3). were established experimentally, the large numbeXb w)
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(Aw~0.10—0.40 MeV) can be extracted accurately from thetion due to the separate blocking effect of512]5/2(«
experimental intrabang transition energie&,’s, which are = +1/2) andv[624]9/2(a= +1/2). Therefore, in Fig. &),
used to determine the pairing interaction strengths. The diexcept n,~1 for the blocked orbital #[512]5/2,a
mension of the CMPC space is about 900 for protons and=+1/2), some transitions with a certain probability from
1000 for neutrons, and in this case the effective pairing inorbitals below the Fermi surfacd[761]3/2, [642]3/2,
teraction strengthgin units of MeV) are Go(monopole)  [505]11/2, etc) to those above the Fermi surfat@24]5/2,
=0.300, Gj(quadrupole}=0.065 for protons andG,  [514]7/2, etc) are observed. The situation dfHg(2b) is
=0.205,G,=0.003 for neutrons. It is seen that fpr the 2-gp similar. As for the 2-gp band®Hg(3)(a=1) [Fig. 3(d)],
signature partner SD band$*Hg(2,3), the experimentd®  due to the double blocking of orbitat§ 512]5/2(a= + 1/2)
ratios are reproduced quite well by thg PNC calculationgpq 1[624]9/2(a =+ 1/2), a significant reduction of pairing
Considering the constancy of deformation along the samg; ound and the distribution almost tends to a complete
SD band, the approximate constancy of both the experimen-,.: distribution(neutron gap parameter~0), except the

:?OlnaggFg?rlgumla;eﬁariitl'oiéngefsr;%atprﬁiSg?géﬂ?r?nzgé\ég two blocked levels. A more important fact is that because of
y 9 ‘ the interference  between the blocking effects

More careful analysis shows that the nonadditivity in 2-qp f orbitals [51215//2 and[62419/2, then.'s for 1*Hg(2a)
' M

bands can be understood by considering the destructiv@ 19 . . .
interference between blocking effects. For example, fo nd ™+g(2b) are quite different from those in the 2-gp

1994g(3), i.e., for these unblocked levels, the average
the 1-gp bands®®Hg(2a =+1/2) and ™Hg(2b band g, 1€, Y : 9
(a= +g/pZ), the segélrat)e (glocking) effect ofg(orb)itals of n,, for *Hg(2a) and *Hg(2b) is different from that

i
v[512]5/2 and v[624]9/2 on the corresponding MOI is for

%Hg(3). The change in the occupation probabilities
manifested sufficiently, whereas for the 2-qp bdfitHg(3)

of each orbital mentioned above implies that the correspond-
H 19 19

(a=1) the blocking effects ofv[512]5/2 and v[624]9/2 ing neutron gap parameters (**Hg(1))>A(*Hg(2a))

cancel each other to a certain extent, which is manifested in

~A(**Hg(2b))> A (***Hg(3)).
the difference in the structure of CMPC space and the correde;lr.s L:.rgrrpfao?”n Ogga?fsfpitsfgotlﬁlse ﬁgi!\%%gfs't to.nt?]e c?ecezlrs
sponding neutron occupation probability, for the 2-qp Pt u ucture, uvity In nu
band comparing with those for two 1-qp bandse Fig. 3.

MOI widely observed both in ND and SD nuclei, can be
As a result,[J(m2[512]5/20[624]9/2)— Jo]<[I(+[512]5/ accounted for satisfactorily by the PNC treatment for nuclear
2)+J(v[624]9/2)—2J,] andR>1.

pairing, in which the blocking effects are treated consistently
The influence of blocking effects is clearly exhibited in .

and exactly. It is noted that, while the odd-even differences
; a2 . - .. in MOI's themselves are mainly due to the blocking effects,
the occupation probabilities,,’'s of each orbitals, which in o S
. the nonadditivity in moments of inertia and angular momen-
turn affect the gap parameter. In Fig. 3 are shown the neutro

occupation probabilities of each orbital near the Fermi sur—{bm alignment of multi-gp bands in stable ND and SD nuclei

face for four SD bands: the qp vacuum bat@Hg(1), 1-qp trjr:airll(l_y cofrpest from the destructive interference between
bands'®Hg(2a) and ***Hg(2b), and 2-gp band®Hg(3). It ocking eftects.

is seen that the neutron occupation f6fHg(1) obviously This work was supported by the China Postdoctoral Sci-
deviates a complete degenerate Fermi distribution due to thence Foundation, CAS K. C. Wong Postdoctoral Research
relatively strong pairing interaction in the qp vacuum state Award Fund, National Natural Science Foundation of China
In Figs. 3b) and 3c) are shown the,’s for 19%g(2a) and  under Contact No. 10047001, and the CAS Knowledge In-
193g(2b), in which is observed a moderate pairing reduc-novation Project No. KICX2-SW-N02.

067301-3



BRIEF REPORTS PHYSICAL REVIEW &6, 067301 (2002

[1] A. Bohr, B. M. Mottelson, and D. Pines, Phys. R&0, 36 [17] S. Frauendortt al, Nucl. Phys.A431, 1984 (1984, and ref-

(1958. erences therein.
[2] A. Bohr and B. M. MottelsonNuclear Structure(Benjamin,  [18] P. Fallonet al,, Phys. Rev. G50, 044301(1999.
York, 1975, Vol. Il. [19] J. Y. Zhang, Y. Sun, L. L. Riedinger, and M. Guidry, Phys. Rev.
[3] S. T. Belyaev, Mat. Fys. Medd. K. Dan. Vidensk. Sel3k, 11 C 58, 868(1998.
(1959. [20] S. M. Mullins et al, Phys. Rev. (51, 044315(2000.
[4] L. S. Kisslinger and R. A. Sovansen, Mat. Fys. Medd. K. Dan.[21] J. Y. Zeng, T. H. Jin, and Z. J. Zhao, Phys. Rev5@ 1388
Vidensk. Selsk32, 9 (1960. (1994.

[5] S. G. Nilsson and O. Prior, Mat. Fys. Medd. K. Dan. Vidensk. [22] X. B. Xin, S. X. Liu, Y. A. Lei, and J. Y. Zeng, Phys. Rev. C

Selsk.32, 16 (1961. 62, 067303(2000.
[6] R. W. Richardson, Phys. Ret31, 949 (1966, [23]J. Y. Zeng, S. X. Liu, Y. A. Lei, and L. Yu, Phys. Rev. &3,
[7] D. J. Rowe,Nuclear Collective Motion(Methuen, London,
1970, p. 194 024305(2001).
T ’ [24] J. Y. Zeng, S. X. Liu, L. X. Gong, and H. B. Zhu, Phys. Rev. C
8] J. Y. Zeng and T. S. Cheng, Nucl. Phys105, 1 (1983.
(8] g g (1983 65, 044307(2002.

[9] C. S. Wu and J. Y. Zeng, Phys. Rev.39, 666 (1989.
[25] D. M. Cullenet al, Nucl. Phys.A638, 662 (1998.

[10] H. Molique and J. Dudek, Phys. Rev.88, 1795(1997. ’
[11] O. Burglin and N. Rowly, Nucl. PhysA602, 21 (1998. [26] N. L. Gjérup et al, Nucl. Phys.AS82, 369 (1995.

[12] A. Goodman, Nucl. PhysA256, 113 (1976. [27] B. Fabriciuset al, Nucl. Phys.A523, 426 (1992.
[13] L. F. Canta, P. Ring, and J. O. Rasmussen, Phys. 1618 21  [28] R. A. Barket al, Nucl. Phys.A644, 29 (1998.
(1985. [29] R. Bengtsson, S. Frauendorf, and F. -R. May, At. Data Nucl.
[14] C. Baktashet al, Phys. Rev. Lett69, 1500(1992. Data Tables35, 15 (1986.
[15] C. Baktash, B. Hass, and W. Nazarewicz, Annu. Rev. Nucl.[30] S. G. Nilssoret al, Nucl. Phys.A131, 1 (1969.
Part. Sci.45, 485(1995, and references therein. [31] M. A. Riley et al, Nucl. Phys.A512, 178(1990.
[16] J. Y. Zeng, Y. A. Lei, T. H. Jin, and Z. J. Zhao, Phys. Rev. C [32] P. Fallonet al, Phys. Rev. (51, R1609(1995.
50, 746 (1994). [33] M. J. Joyceet al, Phys. Lett. B340, 150(1994).

067301-4



